Identifying potential regional contamination by Alberta oil sands industrial emissions on sensitive ecosystems like the Peace-Athabasca Delta,~200 km to the north, requires knowledge of historical contaminant levels and trends. Here we provide some of these critically-needed data, based on analysis of metals in a sediment core from an upland precipitation-fed lake in the delta. The lake is well-situated to record the anthropogenic history of airborne contaminant deposition for this region. Sediment records of metals of concern (Pb, Sb, As, Hg) reflect early to mid-20th century increases in North American industrial emissions, followed by reduced emissions due to improved industrial practices after 1950-70. Notably, Pb, Sb, As and Hg have declined since the onset of Alberta oil sands production, belying concerns that this activity has enhanced far-field atmospheric delivery of these contaminants to the delta.
Introduction
Recent studies indicate that industrial airborne emissions and long-range atmospheric transport of metals from the Alberta oil sands development may extend beyond a 50-km radius of the bitumen upgrader facilities (Timoney and Lee, 2009; Kelly et al., 2010) . A key concern is the dispersal of contaminants to the Peace-Athabasca Delta,~200 km to the north, where there may be effects on the people of Fort Chipewyan and on wildlife health (Timoney and Lee, 2009; Kelly et al., 2010; Schindler, 2010) . Timoney and Lee (2009, p. 74) , based on information they compiled from Environment Canada and other reports suggesting that southerly winds carry air pollutants from the Fort McMurray area, postulated "some air pollutants enter the Athabasca River watershed through local deposition while others are dispersed over greater distances, e.g., east into Saskatchewan or north to the Peace-Athabasca Delta". In the influential paper by Kelly et al. (2010, p. 16181) , near-field airborne deposition of metals is documented, but they speculated that "some emissions are deposited outside the 50-km radius [of the oil sands operations]". Kelly et al. (2010) identified this is a "concern because mercury concentrations in fishes from the Athabasca River and Athabasca Delta are already high". Schindler (2010, p. 501) stated in reference to the Kelly et al. (2009 Kelly et al. ( , 2010 studies: "we found that industry added substantially to the natural contaminant loading. Alberta Environment continues to counter that environmental contaminants are largely natural in origineven though, as far as I can tell, they have published no studies of atmospheric deposition of trace contaminants". As recognized by these previous studies, critically missing are datasets of sufficiently long duration to identify background levels and trends, which are required to discern if Alberta oil sands development has increased far-field delivery of airborne contaminants.
We addressed this knowledge gap by developing long-term records of metal deposition from analysis of lake sediment cores, an approach advocated by Environment Canada's Oil Sands Monitoring Program (2011). The sediment records were obtained from an isolated, upland lake located in a bedrock basin near Fort Chipewyan that is fed exclusively by precipitation and local runoff (Yi et al., 2008) . Thus, metals in the sediment derive solely from airborne deposition and natural catchment erosion. Here we present stratigraphic profiles of key metals of concern (Pb, Sb, As, Hg; Kelly et al., 2010) . Kelly et al. (2010) 
Materials and methods
In September 2010, two~50-cm sediment cores (GC-1, GC-2) were retrieved from 'PAD 18' (informal name; 58°53.66′ N; 111°21.66′ W; 214.33 m a.s.l.; Fig. 1 ) using a gravity corer (Glew, 1989) and transported to the field base in Fort Chipewyan where they were sectioned into 1-cm stratigraphic intervals. Samples were kept refrigerated (4°C) in the dark prior to lab analyses. Sequential loss-on-ignition (LOI) analyses were performed on~0.5 g subsamples of wet sediment (Dean, 1974) . Samples of freeze-dried sediment from core GC-2 were analyzed for metals (method: EPA 200.2/6020A) at ALS Canada Ltd. (Edmonton). Samples from core GC-1 were analyzed for supported and total 210 Pb activity by gamma ray spectrometry at University of Waterloo and the Constant Rate of Supply model was used to develop the sediment core chronology (Appleby, 2001 ; Fig. 2a ). The organic matter (OM) content profiles were used to transfer the sediment core chronology developed from GC-1 to GC-2 (Fig. 2b) . Metal concentrations were normalized to account for changes in sediment composition. Simple and multiple linear regressions were performed on pre-1900 sediment samples to select the best normalizing agent for each metal (i.e., highest adjusted R 2 , statistically significant with P ≤0.016). Pb was normalized to Al, Sb was normalized to OM and Ti, and As and Hg were normalized to OM. The selected normalizing agents are commonly used in studies of metal contamination (Kersten and Smedes, 2002) . To assess the magnitude of regional anthropogenic contamination via the atmosphere, we expressed the metal concentrations as an Enrichment Factor (EF; Covelli and Fontolan, 1997) . We define EF as the ratio of the measured concentration of a metal to the concentration expected based on the relationship of that metal to the normalizing agent in sediments deposited pre-1900, prior to marked industrial activity. Due to concerns that OM diagenesis in the upper sediments could affect estimates of EF (Kersten and Smedes, 2002) , we calculated temporal trends in EF for Sb and Hg using other normalization techniques (e.g., pre-1900 mean bulk sediment concentration of Sb or Hg, respectively; pre-1900 bulk mass of inorganic sediment). They provided nearly identical temporal trends compared to normalization by OM, but with weaker statistical support (data not shown). Fig. 1 . Study area. Map of northeastern Alberta, Canada. Sediment cores were retrieved from lake 'PAD 18',~200 km north of the Alberta oil sands development and~20 km north of Fort Chipewyan. The area shaded in medium gray located at the west end of Lake Athabasca is the Peace-Athabasca Delta. 210 Pb activity (supported and total (= supported + unsupported)) and depth-age profiles for core GC-1 from lake 'PAD 18' in the PeaceAthabasca Delta. b) Aligned stratigraphic profiles of organic matter (OM) content for sediment cores GC-1 and GC-2. We also expressed the sediment metals data as 'adjusted excess flux'. Excess flux of metals for each sediment interval was calculated as:
Excess flux was then corrected for sediment focusing and variations in sedimentation rate following Muir et al. (2009) , with mean sedimentation rate during 1773-1899 used as the baseline. The resulting 'adjusted excess flux' quantifies atmospheric deposition of anthropogenic-sourced metals.
Results and discussion
As illustrated in Fig. 3 , EF values for Pb, Sb and As were relatively constant before 1900, but became enriched above pre-industrial levels beginning in the 1920s. Enrichment of these metals peaked between 1950 and 1970 (at~30-45% above pre-industrial values) and has been declining since. Mercury enrichment began about two decades later (post-1940s) , peaked between 1965 and 1990, and has since declined. Currently, As and Sb are at and below pre-industrial levels, whereas Pb and Hg remain~15% and~65% above pre-industrial levels, respectively. When the data are expressed in adjusted excess flux units, similar temporal trends are evident (Fig. 4) .
Decreasing atmospheric contamination of Pb, Sb and As since 1970, and of Hg since 1990, contrast sharply with rapid growth of the oil sands industry (Figs. 3 and 4) . Rather, the data yield expected 20th century profiles related to North American industrial airborne emission history, characterized by post-1920 increases in industrial emissions, followed by decreases arising from the installation of emission control devices on coal-fired power plants and metal smelters after 1950, and the phase-out of leaded gasoline in the 1970s (Callender and van Metre, 1997; Couture et al., 2008) . Recent declining trends in adjusted excess flux for Pb and Hg are similar to corresponding records of total Canadian atmospheric emissions (Fig. 4) . These results indicate that current industrial emissions from the Alberta oil sands are not measurably increasing airborne Sb and As to the delta. Although Pb and Hg currently remain above background levels, decreasing trends during the period of increasing oil sands production similarly imply that this industry is not a major far-field source of airborne Pb and Hg. Elevated Hg remains a common feature in recent sediments of remote lakes elsewhere in northern Canada (Muir et al., 2009) , possibly due to retention of Hg in catchment soil and biomass (Harris et al., 2007) .
Industrial activity increases dispersal of oil sands-related contaminants in the immediate vicinity (~50-km radius) of surface mining operations (Kelly et al., 2010 ), yet we observe no measurable evidence of related far-field airborne metal contamination in the Peace-Athabasca Delta, located~200 km to the north. However, our results do provide critically-needed knowledge of regional baseline conditions and trends that can be used to ascertain, for instance, if there is an exponential decline in airborne contaminants beyond a 50-km radius of surface mining operations. Thus, these data will be useful for integration with analyses of sediment cores from lakes elsewhere in the vicinity of oil sands operations and the lower Athabasca River watershed to map the footprint of airborne emissions from oil sands operations over space and time. Our study did not address the possibility that contaminants are delivered by the Athabasca River to the PAD. Similar analyses of sediment records from river-influenced lakes could be undertaken to quantify potential metal contamination from industrial and natural sources via river transport.
